Investigation of limb-sidestick dynamic interaction with roll control by Johnston, D. E. & Mcruer, D. T.
INVESTIGATION OF L -SIDESTICK DY TH ROLL CONTROL 
Donald E. Johns ton  
Duane T. McRuer 
Systems Technology, I n c .  
13766 S. Hawthorne Blvd. 
Hawthorne, CA 90250 
(213)679-2281 
STRBCT 
A f ixed-base s i m u l a t i o n  w a s  performed t o  i d e n t i f y  and q u a n t i f y  i n t e r a c -  
t i o n s  between t h e  p i l o t ' s  hand/arm neuromuscular subsystem and such f e a t u r e s  
of t y p i c a l  modern f i g h t e r  a i r c r a f t  r o l l  ra te  command c o n t r o l  system mechani- 
z a t i o n s  a s  
f o r c e  s e n s i n g  s i d e - s t i c k  t y p e  manipula tor  
v e h i c l e  e f f e c t i v e  r o l l  time c o n s t a n t  
f l i g h t  c o n t r o l  system e f f e c t i v e  t i m e  de lay  
The s i m u l a t i o n  r e s u l t s  p r o v i d e  i n s i g h t  t o  h i g h  frequency P I 0  ( r o l l  
r a t c h e t ) ,  low frequency PIO, and r o l l - t o - r i g h t  c o n t r o l  and handl ing  problems 
p r e v i o u s l y  observed i n  e x p e r i m e n t a l  and product ion  fly-by-wire c o n t r o l  
systems. The s i m u l a t i o n  c o n f i g u r a t i o n s  encompass and/or  d u p l i c a t e  s e v e r a l  
a c t u a l  f l i g h t  s i t u a t i o n s ,  reproduce c o n t r o l  problems observed i n  f l i g h t ,  
and v a l i d a t e  t h e  concept t h a t  t h e  h i g h  frequency nuisance  mode known as 
" r o l l  r a t c h e t "  d e r i v e s  p r i m a r i l y  from t h e  p i l o t ' s  neuromuscular subsystem. 
The s i m u l a t i o n s  show t h a t  force-sens ing  s i d e - s t i c k  manipula tor  f o r c e /  
displacement/command g r a d i e n t s ,  command p r e f i l t e r s ,  and f l i g h t  c o n t r o l  sys-  
t e m  t i m e  d e l a y s  need t o  be c a r e f u l l y  a d j u s t e d  t o  minimize neuromuscular mode 
ampl i tude  peaking ( r o l l  r a t c h e t  tendency)  w i t h o u t  r e s t r i c t i n g  r o l l  c o n t r o l  
bandwidth ( w i t h  r e s u l t i n g  s l u g g i s h  o r  P I 0  prone c o n t r o l ) .  
The r e s u l t s  f u r t h e r  demonst ra te  t h a t  r o l l  r a t c h e t  tendency,  which i s  
d i f f i c u l t  t o  d e t e c t  i n  f ixed-base  s i m u l a t i o n s ,  i s  r e a d i l y  apparent  from 
a p p l i c a t i o n  of f requency response  s p e c t r a l  a n a l y s i s  techniques .  Conse- 
q u e n t l y  t h e  a p p l i c a t i o n  of a p p r o p r i a t e  s p e c t r a l  measurement t e c h n i q u e s  
d u r i n g  f l i g h t  c o n t r o l  system design/development p i l o t e d  s i m u l a t i o n  phases  
promise t o  reduce l a t e r  and more c o s t l y  f l i g h t  t e s t  i n v e s t i g a t i o n .  
INTRODUCTION 
Almost every new a i r c r a f t  w i t h  fly-by-wire o r  command augmentat ion J (Fig.  1) i n  t h e  r o l l  a x i s  h a s  encountered  e i t h e r  P i lo t - Induced  O s c i l l a t i o n s  
(PIO) o r  r o l l  r a t c h e t i n g  ( o r  bo th)  i n  e a r l y  f l i g h t  phases.  P I 0  has  t y p i -  
c a l l y  been a s s o c i a t e d  w i t h  h i g h  g a i n ,  n e u t r a l l y  s t a b l e  c losed-loop p i l o t -  
v e h i c l e  c o n t r o l  o s c i l l a t i o n s  w i t h  a frequency of about  1 / 2  Hz. The " r o l l  
r a t c h e t "  has  been somewhat more obscure  and i d i o s y n c r a t i c ,  appear ing  most 
o f t e n  i n  r a p i d  r o l l i n g  maneuvers. Ratche t  f r e q u e n c i e s  are t y p i c a l l y  2-3 Hz. 





F i g u r e  1. T y p i c a l  Fly-by-Wire R o l l  C o n t r o l  S y s t e m  
F i g u r e  2 i l l u s t r a t e s  t h i s  oft-remarked but  seldom recorded  phenomenon. The 
frequency d i f f e r e n c e  a l o n e  i n d i c a t e s  t h a t  t h e  PI0 and r a t c h e t  s i t u a t i o n s  are 
d i f f e r e n t  phenomena, y e t  both c l e a r l y  i n v o l v e  t h e  closed-loop p i l o t  v e h i c l e  
system. 
An i n t e r e s t i n g  set of r o l l  r a t c h e t i n g  phenomena h a s  been observed i n  
v a r i a b l e  s t a b i l i t y  NT-33 f l i g h t .  2-4 Chalk' s p e c u l a t e s  t h a t  t h e  o s c i l l a t i o n s  
H e  
used  a rudimentary (Kpe-TS) non-adaptive p i l o t  model w i t h  T ranging  from 
0.09 t o  0.13 sec t o  show t h a t  one can g e t  t h e  observed i n s t a b i l i t y  ( a t  about  
12-17 r a d / s e c )  w i t h  a K/s- l ike a i r c r a f t  and h i g h  p i l o t  g a i n s .  This  e f f e c -  
t i v e  t i m e  de lay  must account  f o r  - a l l  t h e  open-loop system l a g s ,  Le . ,  con- 
t r o l l e r ,  a c t u a t o r ,  f i l t e r s ,  e tc . ,  p l u s  t h e  e f f e c t i v e  l a t e n c y  of t h e  p i l o t .  
So, i f  t h i s  e x p l a n a t i o n  of t h e  r o l l  r a t c h e t  i s  t o  be r e a s o n a b l e  t h e  t o t a l  T 
v a l u e  must be a p p r o p r i a t e .  The 0.09 - 0.13 second range i s  remarkably low 
f o r  t h e  p i l o t  a l o n e ,  and i s  very  low indeed when a i r c r a f t  p l u s  c o n t r o l  
system e f f e c t i v e  l a g s  are a l s o  considered.  
/,/ were due t o  t h e  n e a r  K c / s  c h a r a c t e r  of t h e  e f f e c t i v e  c o n t r o l l e d  element.  
M i t c h e l l  and Hohl a l s o  examined some of t h e  same da ta .  They c i t e  s i n u -  
s o i d a l  v i b r a t i o n  d a t a  i n  which a s imple  lateral  t r a c k i n g  t a s k  w a s  performed 
( u s i n g  a c e n t e r  s t i c k )  w h i l e  under t h e  i n f l u e n c e  of high frequency la teral  
a c c e l e r a t i o n s . 6  Frequencies  from 1 t o  10 Hz were employed and an o s c i l l a -  
t o r y  a r m / s t i c k  "bobweight" mode occurred  a t  about  1 2  r a d / s e c .  They n o t e  
t h a t  t h i s  h i g h e r  f requency  mode of t h e  p i l o t - a i r c r a f t  systems i s  n e a r  t h e  
f r e q u e n c i e s  of t h e  observed r a t c h e t i n g  i n  F-16 and Calspan f l i g h t  e x p e r i -  
ments and c i t e  i t  as a p o s s i b l e  cause.  
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F i g u r e  2. R o l l  R a t c h e t  During Banking Maneuver 
From t h e  ear l ies t  s t u d i e s  on t h e  i n t e r a c t i o n  between t h e  human p i l o t ' s  
neuromuscular system and a i r c r a f t  c o n t r o l  d e v i c e s ,  7,8 t h e  presence  of a 
neuromuscular system limb-manipulator dynamic resonance peak a t  14-19 r a d /  
sec has been w e l l  known. Neuromuscular system c h a r a c t e r i s t i c s  are c i t e d '  as 
" e x c e p t i o n a l l y  impor tan t  and c r i t i c a l l y  l i m i t i n g  i n  such matters as 
c o n t r o l  p r e c i s i o n  where l i m i t e d  by t h e  p i l o t ' s  neuro- 
muscular system. 
e f f e c t s  of c o n t r o l  system n o n l i n e a r i t i e s ,  i n c l u d i n g  
t h e i r  connec t ions  w i t h  c o n t r o l  system s e n s i t i v i t y  
r eq u i  r eme n t s . I' 
Other  summaries p l a c e  g r e a t  stress on t h e  importance of c o n s i d e r i n g  t h e s e  
c h a r a c t e r i s t i c s  even though t h i s  f requency  range of major a c t i v i t y  may be 
w e l l  above bandwidth a s s o c i a t e d  w i t h  t h e  "usua l"  c o n t r o l  t a s k .  l o  
It i s  becomming more and more a p p a r e n t  t h a t  modern, h i g h  performance,  
h i g h  g a i n ,  response  command f l i g h t  c o n t r o l  system bandwidths may be 
encroaching  on t h e  neuromuscular s y s t e m .  Advances i n  f l i g h t  c o n t r o l  system 
fly-by-wire technology permi t  new manipula t ion  d e v i c e s ,  f o r  example f o r c e  
s e n s i n g  s i d e - s t i c k s ,  a t  t h e  p i l o t  output/effective-vehicle i n t e r f a c e .  These 
have t h u s  f a r  been g e n e r a l l y  s u c c e s s f u l  i n  a p p l i c a t i o n ,  bu t  have i n t r o d u c e d  
o r  e n l a r g e d  some p i l o t - v e h i c l e  f l y i n g  q u a l i t i e s  problems. P a r t i c u l a r  prob- 
lems i n c l u d e  : 2-4 9 3 
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high  r o l l  c o n t r o l  s e n s i t i v i t y  and P I O ' s  i n  p r e c i s i o n  
maneuvering ; 
r o l l  r a t c h e t  i n  o t h e r w i s e  s t e a d y  r o l l i n g  maneuvers; 
s e n s i t i v i t y  t o  t h e  way t h e  p i l o t  g r i p s  t h e  s t i c k  o r  t o  
l o c a t i o n  of h i s  hand/arm suppor t ;  
e f f e c t i v e  t i m e  d e l a y  a s s o c i a t e d  w i t h  s t i c k  f i l t e r s ,  
w i t h  a t t e n d a n t  i n c r e a s e  i n  p i l o t  remnant; 
biodynamic i n t e r a c t i o n s ,  e . g o ,  hand/arm s t i c k  bob- 
weight  e f f e c t s .  
Attempts  t o  a l l e v i a t e  t h e s e  e f f e c t s  have involved  ad jus tments  i n  s t i c k  f o r c e  
g r a d i e n t s ,  f i l t e r i n g ,  and s e n s i t i v i t y .  These have inc luded  i n t r o d u c t i o n  of 
v a r i o u s  n o n l i n e a r  elemen.ts such as command g a i n  r e d u c t i o n  as a f u n c t i o n  of 
p i l o t  i n p u t  ampl i tude  o r  f requency ,  f i l t e r  time c o n s t a n t  changes w i t h  s e n s e  
of i n p u t  ( i n c r e a s e  vs. d e c r e a s e ) ,  and d i f f e r e n t  f o r c e  g r a d i e n t  f o r  r i g h t  and 
l e f t  r o l l  commands. These ad jus tments  have g e n e r a l l y  involved  ad hoc empir- 
i c a l  m o d i f i c a t i o n s  i n  t h e  course  of t h e  a i r c r a f t  development. Much of t h i s  
has  been accomplished i n  f l i g h t  t es t  w i t h  cor respondingly  l a r g e  c o s t .  
The purposes  of t h i s  paper  a r e  t o  
e x p l o r e  t h e  o r i g i n s  of t h e  r o l l  r a t c h e t  phenomenon; 
develop i n s i g h t s  about t h e  t r a d e o f f s  involved i n  
a d j u s t i n g  t h e  p r o p e r t i e s  of force-sens ing  s i d e s t i c k s ;  
p r e s e n t  g u i d e l i n e s  t o  minimize r o l l  c o n t r o l  problems. 
CONSIDERATIONS 
I d e a l  Crossover  Model (and I t s  I m p l i c a t i o n s )  
The p r e s c r i p t i o n  f o r  K/s - l ike  c o n t r o l l e d  element  dynamics i n  t h e  r e g i o n  
of p i l o t - v e h i c l e  system c r o s s o v e r  as an  o f t e n  d e s i r a b l e  form stems from t h e  
fundamental  f e a t u r e  of human dynamics t h a t  no p i l o t  l e a d  i s  then  r e q u i r e d  t o  
e s t a b l i s h  good closed-loop system dynamics o v e r  a wide range of p i l o t  ga ins .  
The b a s i c  r e c i p e  i s  almost  i n v a r i a b l y  condi t ioned  by such s t a t e m e n t s  as " i n  
t h e  frequency r e g i o n  about  crossover ."  Such s t a t e m e n t s  a r e  made t o  res t r ic t  
t h e  form of t h e  p i l o t  model t o  t h a t  r e q u i r e d  only  i n  t h e  c r o s s o v e r  r e g i o n .  
I n  p a r t i c u l a r ,  t h e  c a s e s  covered are such t h a t  an  e f f e c t i v e  t i m e  de lay  term 
i n  t h e  p i l o t  model i s  an adequate  approximation t o  t h e  h i g h  f requency  
e f f e c t s .  
Simple t r a c k i n g  t a s k  p i l o t  model forms and a s s o c i a t e d  p i l o t - v e h i c l e  sys-  
t e m  p r o p e r t i e s  begin  w i t h  t h e  i d e a l  c rossover  model lo  of Fig.  3. I n  t h i s  
model t h e  p i l o t  a d j u s t s  h i s  dynamic c h a r a c t e r i s t i c s  s o  t h a t  t h e  open-loop 
p i l o t - v e h i c l e  dynamics are approximately K / s  o v e r  t h e  frequency band immedi- 
a t e l y  above and below t h e  g a i n  c rossover .  The model a l s o  i n d i c a t e s  t h a t  i n  
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F i g u r e  3 .  I d e a l  Crossover Model 
15.5 
f u l l  a t t e n t i o n  t r a c k i n g  o p e r a t i o n s  t h e  p i l o t  w i l l  a d j u s t  h i s  g a i n  t o  o f f s e t  
any v a r i a t i o n  i n  c o n t r o l l e d  element g a i n  i n  o r d e r  t o  main ta in  a n e a r l y  f i x e d  
c o n t r o l  system bandwidth. Thus t h e  f u l l - a t t e n t i o n  closed-loop bandwidth wc 
( i d e n t i f i e d  a s  t h e  c r o s s o v e r  of t h e  0 dB g a i n  l i n e  w i t h  t h e  K / s  ampl i tude  
r a t i o  p l o t )  i s  independent  of t h e  c o n t r o l l e d  element  gain.  Furthermore,  t h e  
p i l o t  t e n d s  t o  keep t h e  product  of t h e  c r o s s o v e r  f requency and t h e  t a s k  RMS 
e r r o r ,  wcbe ,  c o n s t a n t .  
I n  t h e  c r o s s o v e r  model t h e  e x p o n e n t i a l  t e r m  w i t h  time d e l a y  T approxi-  
mates a l l  t h e  l a g  c o n t r i b u t i o n s  due t o  p i l o t  and v e h i c l e  h i g h  f requency  
dynamic modes. The e f f e c t i v e  t i m e  d e l a y  i s  a f u n c t i o n  o f ,  among o t h e r  
t h i n g s ,  t h e  f o r c e / d i s p l a c e m e n t  c h a r a c t e r i s t i c s  of t h e  manipulator .  A s  shown 
i n  Fig. 3 ,  an i s o m e t r i c  ( f o r c e )  s t i c k  r e s u l t s  i n  less l a g  t h a n  does an  i s o -  
t o n i c  ( f r e e  moving) s t i c k .  P a s t  e ~ p e r i m e n t a t i o n l ~  has  i d e n t i f i e d  t h e  
d i f f e r e n c e  t o  be approximately 0.1 sec. 
I n  Fig.  3 i f  t h e  p i l o t  g a i n  were se t  a t  t h e  v a l u e  r e p r e s e n t e d  by K 
w i t h  an i s o m e t r i c  s t i ck ,  t h e  bandwidth would be i n d i c a t e d  by wC2 and WOU!?~ 
r e s u l t  i n  a system s t a b i l i t y  phase margin,  4m2, and g a i n  margin,  GM. I f  
t h i s  same g a i n  were employed w i t h  t h e  i s o t o n i c  s t i c k ,  t h e  phase margin would 
be 0 ,  and a low frequency cont inuous o s c i l l a t i o n  (PIO) would r e s u l t .  T h i s  
o s c i l l a t i o n  can t h e n  be a l l e v i a t e d  by p i l o t  g a i n  r e d u c t i o n  t o  t h e  v a l u e  
r e p r e s e n t e d  by K p l ,  thereby  a c c e p t i n g  a reduced bandwidth. Thus Fig.  3 can  
b e  used t o  demonst ra te  t h e  common low frequency PI0  problem which g e n e r a l l y  
o c c u r s  i n  t h e  v i c i n i t y  of 0.5 Hz and which i s  r e l i e v e d  by reducing  p i l q t  
ga in .  
0.4 sec f o r  t h e  t o t a l  p i l o t ,  c o n t r o l  system, a i r c r a f t ,  etc.,  l a t e n c y ) .  
(In t h e  c r o s s o v e r  model a n  % of 4 radlsec corresponds t o  T = ~ / 2 %  = 
Limb-Sidestick Neuromuscular Model (and I ts  I m p l i c a t i o n s ) .  As p r e v i -  
o u s l y  noted ,  e a r l y  s t u d i e s  on t h e  neuromuscular system noted  t h e  presence  of 
a neuromuscular system o r  l imb-manipulator peak a t  14-19 r a d / s e c  w e l l  p a s t  
t h e  u s u a l  ” c r o s s o v e r  r e g i ~ n . ” ~  The e f f e c t s  of v a r i o u s  r e s t r a i n t s  on t h e  
l imb/neuromuscular  system i n c l u d e  closed-loop neuromuscular system model 
f i t s  t o  pilot/controlled-element d e s c r i b i n g  f u n c t i o n  measurements f o r  p r e s -  
s u r e  and f r e e  moving manipula tors .8  An impor tan t  p a r t  of t h e  neuromuscular 
dynamics i n  each case i s  a q u a d r a t i c  mode w i t h  damping and n a t u r a l  f requency  
of 
MANIPULATOR NM/L DYNAMICS 
F r e e  Moving L0.07, 171 
I s o m e t r i c  o r  P r e s s u r e  i0.138, 18,6] 
There i s  a l s o  a neuromuscular system mode which is approximated by a f i r s t -  
o r d e r  l a g  break a t  about  10 r a d l s e c .  T h i s  mode i s  a l s o  somewhat dependent 
on t h e  n a t u r e  of t h e  manipula tor  r e s t r a i n t s .  l 3 9 l 4  
The reason  t h a t  t h e  neuromuscular a c t u a t i o n  system dynamics d i f f e r  when 
t h e  manipula tor  r e s t r a i n t s  a r e  changed i s  p h y s i o l o g i c a l  -- t h e  neuromuscular  
15.6 
a p p a r a t u s  involved  depends on t h e  r e s t r a i n t s  and l imb movements. While 
g r e a t l y  o v e r s i m p l i f i e d ,  t h e  neuromuscular a c t u a t i o n  e lements  of t h e  human 
may be viewed as a two loop system. The i n n e r  loop p r i n c i p a l l y  i n v o l v e s  
G o l g i ,  muscle s p i n d l e ,  and o t h e r  r e c e p t o r s  w i t h  s h o r t  pathways d i r e c t l y  t o  
s p i n a l  l e v e l  and back t o  t h e  musculature.  Viewed from t h e  output  end t h i s  
loop i s  p r i m a r i l y  s e n s i t i v e  t o  f o r c e s ,  and because of t h e  s h o r t  n e u t r a l  
pathways t h e  t i m e  l a g s  of i n f o r m a t i o n  flow are small. The e f f e c t i v e  band- 
wid th  of t h i s  loop  can, t h e r e f o r e ,  be q u i t e  high.  The second o r  o u t e r  loop  
i n c l u d e s  j o i n t  r e c e p t o r s  a s  major feedback elements.  T h e i r  n e u r a l  pathways, 
and a s s o c i a t e d  d e l a y s ,  are l o n g e r ,  l e a d i n g  t o  a lower o u t e r  loop bandwidth, 
I n  i s o m e t r i c  ( f o r c e - s t i c k )  manipula tor  c o n d i t i o n s ,  t h e r e  i s  l i t t l e  o r  no 
j o i n t  movement, so t h e  i n n e r  loop elements  should  be dominant. With i s o -  
t o n i c  (free-moving s t i c k )  c o n d i t i o n s ,  on t h e  o t h e r  hand, t h e  j o i n t  r e c e p t o r s  
are major e lements .  A s  a l r e a d y  i n d i c a t e d  i n  connec t ion  w i t h  Fig.  3 t h e  n e t  
d i f f e r e n c e ,  i n  terms of an e f f e c t i v e  l a t e n c y ,  i s  approximated a t  low f r e -  
quencies  by a d i f f e r e n c e  i n  e f f e c t i v e  T of about  0.1 sec. 
I f  we  now employ t h e  d e t a i l e d  model of t h e  neuromuscular system ( i n s t e a d  
of on ly  approximating i t s  phase l a g  c o n t r i b u t i o n  as i n  Fig.  3) and super-  
impose i t  on t h e  c o n t r o l l e d  element K/s as i n  Fig.  4 ,  w e  see an open-loop 
resonant  peak i n  t h e  2 t o  3 Hz frequency range due t o  t h e  neuromuscular sys-  
t e m .  The correspondence of t h e  neuromuscular / l imb q u a d r a t i c  mode numerical  
v a l u e s  and observed r o l l  r a t c h e t  f r e q u e n c i e s  i s  v e r y  u n l i k e l y  t o  be a coin-  
c idence.  So, a t  observed r o l l  r a t c h e t  f r e q u e n c i e s  t h e  neuromuscular / l imb 
mode c l e a r l y  should be taken  i n t o  account.  S i n c e  t h e i r  primzry e f f e c t  is a 
r e s o n a n t  peak from which a "Gain Margin" might be measured, t h e s e  proper-  
t i e s  may be of c e n t r a l  importance f o r  h i g h  g a i n  p i l o t  s i t u a t i o n s .  
The exper imenta l  g o a l s  were t o  i n v e s t i g a t e  and q u a n t i f y  l imb/manipula tor  
dynamics and i n t e r a c t i o n s  between t h e  neuromuscular subsystem, f o r c e  s e n s i n g  
s i d e - s t i c k  c o n f i g u r a t i o n ,  h igh  g a i n  command augmentat ion,  and command 
f i l t e r i n g ;  and t o  i n v e s t i g a t e  p o s s i b l e  r e l a t i o n s h i p s  between t h e s e  i n t e r a c -  
t i o n s  and t h e  r o l l  r a t c h e t  phenomenon. A l o n g e r  range g o a l  i s  t o  provide  
and enhance g u i d e l i n e s  f o r  manipulator-system des ign .  
The e x p e r i m e n t a l  s e t u p  i s  d e p i c t e d  i n  Fig.  5. A r o l l  t r a c k i n g  t a s k  was 
s e l e c t e d  i n  which t h e  p i l o t  matches t h e  bank a n g l e  of h i s  c o n t r o l l e d  element  
w i t h  t h a t  of a " t a r g e t "  having pseudo random r o l l i n g  motions. The random 
motions are o b t a i n e d  v i a  a computer g e n e r a t e d  sum of s i n e  waves. The e r r o r  
* While t h e  "Gain Margin" shown i n  Fig.  4 i n d i c a t e s  t h e  magnitude d i f f e r -  
ence between t h e  ( Y p Y c l d B  peak and t h e  z e r o  dB l i n e ,  t h e  phase a t  o r  n e a r  
t h i s  f requency may d i f f e r  a p p r e c i a b l y  from t h a t  r e q u i r e d  f o r  i n s t a b i l i t y .  
Thus when t h e  "Gain Margin" shown i s  z e r o  only  one of t h e  two c o n d i t i o n s  f o r  
i n s t a b i l i t y  may be s a t i s f i e d .  Consequently t h i s  i s  not  n e c e s s a r i l y  a t r u e  
g a i n  margin i n  t h e  c o n v e n t i o n a l  s e n s e ,  It does ,  however, i n d i c a t e  a reso-  
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i s  d i s p l a y e d  on a CRT and t h e  p i l o t  a t t e m p t s  t o  n u l l  che e r r o r  by a p p l y i n g  
f o r c e  t o  t h e  manipula tor ,  t h e  o u t p u t  of which becomes t h e  command t o  t h e  
c o n t r o l l e d  element ,  Yc. The form of t h e  c o n t r o l l e d  element is i d e n t i f i e d  i n  
Fig.  5 a l o n g  w i t h  t h e  range of lag time c o n s t a n t s  and t i m e  d e l a y s  u t i l i z e d  
i n  t h e  experiment.  This  c o n t r o l l e d  element approximates  a h i g h  g a i n  r o l l  
r a te  command system. The t i m e  l a g  parameter ,  T ,  may be c o n s i d e r e d  t o  be t h e  
e f f e c t i v e  r o l l  subs idence  t i m e  c o n s t a n t  o r  a f l i g h t  c o n t r o l  system p r e f i l t e r  
(between t h e  p i l o t ' s  s t i c k  command and t h e  f l i g h t  c o n t r o l  system),  whichever 
i s  l a r g e r .  For very  s m a l l  v a l u e s  of T t h e  pure t i m e  d e l a y  may be a r e a l i s -  
t i c  approximation t o  d i g i t a l  f l i g h t  c o n t r o l  system sample and hold  dynamics. 
More g e n e r a l l y  i t  is  a low frequency approximation f o r  a l l  t h e  h i g h  f r e -  
quency l a g s  i n  t h e  system which are not  covered by t h e  t i m e  l a g  T ,  Because 
w e  are i n t e r e s t e d  p r i m a r i l y  i n  modern f l i g h t  c o n t r o l  sys tems,  t h e  parameter  
v a l u e s  f o r  T and T used i n  t h e  experiment  a r e  g e n e r a l l y  c o n s i s t e n t  w i t h  
v a l u e s  t h a t  would be p r e s e n t  i n  a system des igned  t o  be Level  1 on t h e  b a s i s  
of f l y i n g  q u a l i t i e s  s p e c i f i c a t i o n s .  Thus, t h e  parameter  v a l u e s  used,  i n  t h e  
main, should produce e x c e l l e n t  e f f e c t i v e  c o n t r o l l e d  e lements  p r o v i d i n g  t h e  
g a i n  i s  a p p r o p r i a t e l y  a d j u s t e d ,  
The manipula tor  w a s  a McFadden f o r c e  l o a d e r  system used i n  many a i r c r a f t  
r e s e a r c h  and development s i m u l a t i o n s .  Three s t i c k  displacement  conf igura-  
t i o n s  were employed. One w a s  a f i x e d  (no d isp lacement )  s t i c k  as i n  t h e  
F-16.l' The second had 0.77 d e g / l b  ( s m a l l )  s t i c k  motion. The t h i r d  had 
1.43 d e g / l b  ( l a r g e )  s t i c k  motion. The l a t t e r  two matched t h e  d isp lacement /  
f o r c e  c h a r a c t e r i s t i c s  employed i n  an  NT-33 f l i g h t  tes t .  l 2  Analog s i g n a l s  
from t h e  manipulator  f o r c e  s e n s o r  (pc)  and t h e  r e s u l t i n g  c o n t r o l l e d  element 
r o l l  response  4 were passed through an  A + D c o n v e r t e r  t o  a d i g i t a l  computer 
where Y Y d e s c r i b i n g  f u n c t i o n s  and v a r i o u s  performance measures were com- 
p u t e d  u s i n g  STI  ' S  Frequency Domain A n a l y s i s  (FREDA) program. The computa- 
t i o n s  were e s s e n t i a l l y  on- l ine  and p r i n t e d  out  a t  t h e  conclus ion  of each  
run. Some 530 d a t a  runs were accomplished which provided a tremendous d a t a  
base  from which t o  determine o r  i d e n t i f y  t h e  v a r i o u s  i n t e r a c t i o n s  of i n t e r -  
est .  
p *c 
No accounts  have been found where r o l l  r a t c h e t  has  been observed o r  
recognized  i n  f i x e d -  o r  moving-base s i m u l a t i o n s .  It a p p a r e n t l y  h a s  only  
o c c u r r e d  i n  a c t u a l  f l i g h t  and t h e n  on a more o r  l ess  random bas is .  The 
f i r s t  o b j e c t i v e  of t h i s  exper imenta l  s e t u p  t h e r e f o r e  was t o  t u n e  t h e  con- 
t r o l l e d  element ,  manipula tor ,  and command/force g r a d i e n t s  t o  t r y  t o  achieve  
r o l l  r a t c h e t ,  o r  a t  least maximize r o l l  r a t c h e t  t e n d e n c i e s ,  i n  t h e  f i x e d -  
b a s e  s imula t ion .  A key f a c t o r  was t h a t  d e s c r i b i n g  f u n c t i o n  measurements 
must cover  t h e  l imb neuromuscular peaking frequency r e g i o n ,  and f o r c i n g  
f u n c t i o n s  should  be a d j u s t e d  t o  emphasize good d a t a  i n  t h e  neuromuscular 
subsystem reg ion .  The e x p e r i m e n t a l  runs were accomplished u s i n g  t h e  summa- 
t i o n  of s i n e  waves p r e s e n t e d  i n  Table  1. 
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TABLE 1. ROLL TRACKING FORCING F U N C T I O N  
0 -  
7 -  
6 -  
- 5 -  
' 4 -  
e - 3 -  
3 
2 -  






s i n e  Wave (i) 1 2 1 3 4  5 6 
Frequency (q) 0.467 0.701 1.17 1.87 3 . 5 1  7.01 
Amplitude ( h i )  15.2 1 5 . 2  1 5 . 2  7.6 3 . 0 4  0.76 
Relative 
Amplitude 1 1 1 0.5 0 . 2  0.05 
EXPERIMENTAL RESULTS 
Human P i l o t  Dynamics 
Cons is tency  of Crossover  Frequency. It w i l l  be r e c a l l e d  t h a t  i n  t h e  
i d e a l  c r o s s o v e r  model t h e  c r o s s o v e r  f requency remains c o n s t a n t  even though 
t h e  c o n t r o l l e d  element  g a i n  may vary,  F i g u r e  6 shows r e s u l t s  o b t a i n e d  u s i n g  
t h e  f i x e d  s i d e - s t i c k  manipula tor  c o n f i g u r a t i o n  and a wide range of command/ 
f o r c e  g r a d i e n t s  ( c o n t r o l l e d  element g a i n s ) .  The i n i t i a l  command/force 
g r a d i e n t s  f o r  t h e  F-1611 and t h e  NT-3312 e x p e r i m e n t a l  f l i g h t  programs are 
i d e n t i f i e d  f o r  comparison. The c o n t r o l l e d  element  forms range from K / s  t o  
Ke-o*07s/s(0.1 s + 1) .  The d a t a  f o r  v a r i o u s  t i m e  d e l a y  o r  t i m e  l a g s  are 
i n d i c a t e d  by t h e  symbols. The d a t a  p o i n t s  of Fig. 6 i n d i c a t e  two aspec ts .  
New Consisfont with 
Findings Post Data 
K e-=' 
s (Ts + I 1 Y, = 
F- I6 NT-33 
01 I I I I I I I I 
2 3 4 5  7.5 IO 15 20 
Command / Force Gradient, K (deg/sec/lb) 
F i g u r e  6. I n f l u e n c e  of Command/Force Gradien t  on Crossover (Fixed S t i c k )  
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F i r s t  they r e f l e c t  a g e n e r a l  d e c r e a s e  i n  wc as c o n t r o l l e d  element l a g s  
i n c r e a s e .  Second they  show t h a t  c r o s s o v e r  f requency ,  as expec ted ,  i s  essen-  
t i a l l y  independent  of c o n t r o l l e d '  element g a i n  over  a very broad region.  
But ,  as  t h e  c o n t r o l l e d  element g a i n  becomes q u i t e  low and t h e  manipula tor  
f o r c e s  r e q u i r e d  t o  achieve  t h e  d e s i r e d  r o l l i n g  response  become very l a r g e ,  a 
p o i n t  i s  reached where t h e  p i l o t  can no longer  accommodate and a r a p i d  drop  
o f f  i n  bandwidth r e s u l t s .  I n t e r e s t i n g l y ,  t h e  F-16 i n i t i a l  command/force 
g r a d i e n t s  l i e  r i g h t  a t  t h e  break i n  wc and t h e r e f o r e  r e p r e s e n t  t h e  lowes t  
v a l u e s  which might be cons idered  a c c e p t a b l e  t o  p i l o t s .  
S i m i l a r  r e s u l t s  were o b t a i n e d  w i t h  t h e  s m a l l  and l a r g e  d isp lacement  
s i d e s t i c k  c o n f i g u r a t i o n s  except  t h a t  t h e  c r o s s o v e r  f r e q u e n c i e s  d e c r e a s e d  
s l i g h t l y  as t h e  displacement  was increased .  
Neuromuscular System Peaking Tendencies  
Turning a t t e n t i o n  now t o  t h e  neuromuscular system, Fig.  7 p r e s e n t s  t h e  
d e s c r i b i n g  f u n c t i o n  measurements f o r  3 r u n s  u s i n g  t h e  f i x e d  f o r c e  s t i c k  and 
a c o n t r o l l e d  element  having a command/force g r a d i e n t  of 4 d e g / s e c / l b ,  no 
t i m e  l a g ,  and a time de lay  of about  70 m s .  The s t r a i g h t  l i n e  r e f l e c t s  t h e  
r e s u l t i n g  w c / s  c r o s s o v e r  c h a r a c t e r i s t i c s .  Amplitude d e p a r t u r e s  from t h i s  
asymptote  are t h e  c o n t r i b u t i o n s  of t h e  p i l o t ' s  neuromuscular system a t  h i g h  
frequency and h i s  t r i m  l ag- lead  a t  low frequency.  I n  t h e  r e g i o n  of c r o s s -  
o v e r  Y Y i s  almost  e x a c t l y  w c / s  as sugges ted  by t h e  i d e a l  c r o s s o v e r  model. 
The ampl i tude  r a t i o  d e p a r t u r e s  from t h e  asymptote  a t  t h e  h i g h e s t  3 f requen-  
cies shows a peaking i n  t h e  v i c i n i t y  of t h e  14 r a d / s e c  f o r c i n g  f u n c t i o n  € o r  
2 of t h e  3 runs .  It a l s o  might be noted  t h a t  t h e r e  is remarkable cons is -  
t e n c y  i n  both t h e  ampl i tude  and phase measurements a c r o s s  a l l  f r e q u e n c i e s  
f o r  a l l  3 runs.  I n  Fig. 7 ,  two of t h e  ampl i tude  d a t a  p o i n t s  a t  14 r a d / s e c  
l i e  s l i g h t l y  above t h e  0 dB l i n e .  We would t h e r e f o r e  expec t  t h i s  t o  r e p r e -  
s e n t  a n e u t r a l  o r  s l i g h t l y  u n s t a b l e  dynamic mode i f  t h e  phase a n g l e  were 
n e a r  -180 deg a t  t h i s  f requency.  This  t h e n  could be i n t e r p r e t e d  a s  a E f e c t -  
i n g  r o l l  r a t c h e t .  
P $  
The two d a t a  p o i n t s  a t  14 r a d j s e c  a r e  10 dB above t h e  asymptote and may 
o r  may n o t  be e x a c t l y  t h e  a c t u a l  neuromuscular system peak, i .e . ,  t h e  peak 
i t s e l f  may occur  a t  a s l i g h t l y  h i g h e r  o r  lower f requency.  The peaking ten-  
dency shown i n  Fig.  7 i s  r e p r e s e n t a t i v e  of a l a r g e  amount of t h e  d a t a  
obta ined .  T h i s  f requency i s  c o n s i s t e n t  w i t h  t h e  r o l l  r a t c h e t  f r e q u e n c i e s  
observed i n  t h e  f l i g h t  traces. 
I n f l u e n c e  of E f f e c t i v e  C o n t r o l l e d  Element C h a r a c t e r i s t i c s  
The s e n s i t i v i t y  of t h e  14 r a d / s e c  peaking tendency t o  t i m e  de lay  i s  
shown i n  Fig.  8. The c i rc les  r e f l e c t  t h e  average  v a l u e s  a t  each f requency  
and t h e  b a r s  i n d i c a t e  f l  o ranges.  The c o n t r o l l e d  element i s  KCe-=§/s .  The 
manipula tor  i s  t h e  f i x e d  s t i c k  c o n f i g u r a t i o n .  R e s u l t s  show t h a t  a t i . m e  
d e l a y  of approximately 0.065 t o  0.07 t e n d s  t o  maximize t h e  neuromuscular 
system peaking. A t  t i m e  d e l a y s  e i t h e r  below o r  above t h e s e  v a l u e s ,  t h e  
peaking tendency decreases .  O f  a l l  t h e  c o n t r o l l e d  elements  examined, K c / s  
shows t h e  minimum tendency f o r  a peak. I n t e r e s t i n g l y ,  t h e  t i m e  d e l a y  v a l u e s  
which maximize t h e  neuromuscular peaking would be cons idered  good from t h e  
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T (sec)  
8 .  Neuromuscular  System Ampl i tude  Ra t  i o  P e a k i n g  
Wi th  C o n t r o l l e d  Element  T i m e  Delay  ( F i x e d  S t i c k )  
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MIL-8785 f l y i n g  q u a l i t y  s p e c i f i c a t i o n  s t a n d p o i n t .  I n  essence ,  t h e s e  d a t a  
show t h a t  t h e  tendency t o  peaking can be "tuned" by t h e  adjustment  of t h e  
c o n t r o l l e d  element e f f e c t i v e  l a g ,  w i t h  a maximum e f f e c t  n e a r  0.07 sec. 
The neuromuscular system peaking s e n s i t i v i t y  t o  c o n t r o l l e d  e lement  
command/force g r a d i e n t  i s  shown i n  Fig.  9. Here t h e  command/force g r a d i e n t  
ranges  from 3 d e g / s e c / l b  (which i s  s l i g h t l y  lower t h a n  t h a t  employed on t h e  
F-16) up through 15 d e g / s e c / l b  which was u t i l i z e d  i n  t h e  NT-33. The d a t a  
were o b t a i n e d  u s i n g  t h e  f i x e d  s t i c k  and a t i m e  d e l a y  of 0.067 sec. Data f o r  
time l a g s  of 0 and 0.1 have been combined. These d a t a  show a s l i g h t  
i n c r e a s e  i n  peaking tendency i n  t h e  v i c i n i t y  of 7.5 d e g / s e c / l b  command/force 
g r a d i e n t .  T h i s  i s  about  t h e  same v a l u e  as t h e  r e s p o n s e / f o r c e  r a t i o  f o r  t h e  
Fig.  2 f l i g h t  traces of r a t c h e t .  This  may o r  may n o t  be c o i n c i d e n t a l .  How- 
e v e r ,  i t  is  s i g n i f i c a n t  t h a t  t h e r e  i s  a p p r e c i a b l e  peaking of t h e  neuromus- 
c u l a r  system a c r o s s  t h e  e n t i r e  g a i n  range i n v e s t i g a t e d  i n  t h e s e  experiments .  
I n f l u e n c e  of S t i c k  C h a r a c t e r i s t i c s  
The i n f l u e n c e  of s t i c k  motion i s  summarized i n  Fig. 10. These p l o t s  
r e f l e c t  t h e  ampli tude r a t i o  peaking a t  t h e  3 h i g h e r  f r e q u e n c i e s  (11,  14 ,  and 
19 r a d / s e c )  f o r  t h e  f i x e d ,  t h e  small d e f l e c t i o n , .  and t h e  l a r g e  d e f l e c t i o n  
s t i c k  c o n f i g u r a t i o n s  a t  3 d i f f e r e n t  v a l u e s  of t h e  c o n t r o l l e d  element t i m e  
de lay :  0.0, 0.067, and 0.1 secs. A l l  of t h e s e  d a t a  were t a k e n  w i t h  t h e  
command/force g r a d i e n t  of 10 d e g / s e c / l b .  The r e s u l t s  show t h a t  t h e r e  i s  
r e l a t i v e l y  l i t t l e  d i f f e r e n c e  between t h e  f i x e d  and small d e f l e c t i o n  f o r c e  
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0.067 and 0.1 sec t i m e  delays.  They both  show a tendency t o  maximum peaking 
i n  t h e  v i c i n i t y  of 1 4  r a d / s e c  and i n  both  cases  t h e r e  i s  c o n s i d e r a b l y  less  
peaking  f o r  t h e  z e r o  t i m e  d e l a y  cases. The l a r g e  d e f l e c t i o n  s t i c k ,  on t h e  
o t h e r  hand, shows a r e l a t i v e l y  c o n s t a n t  ampli tude d e p a r t u r e  from t h e  con- 
t r o l l e d  element  asymptote a c r o s s  t h e  11 t o  19 r a d / s e c  frequency band and a 
l a c k  of s e n s i t i v i t y  t o  t h e  c o n t r o l l e d  element t i m e  delay.  
Adiustment of P i l o t  Lead 
The i n f l u e n c e  of t h e  l a g  time c o n s t a n t  on t h e  neuromuscular system peak- 
i n g  and t h e  p o s s i b l e  adopt ion  of l e a d  by t h e  p i l o t  i s  r e f l e c t e d  i n  F igs .  7 
and 11 through 13. F i g u r e  7 shows t h e  neuromuscular peaking o b t a i n e d  w i t h  
t h e  c o n t r o l l e d  element command/f o r c e  g r a d i e n t  of 4 d e g / s e c / l b ,  a t i m e  d e l a y  
of 0.067 secs, and no lag.  The maximum peaking was noted  t o  be approxi-  
mate ly  10 dB and occurred  a t  14 r a d / s e c .  The a d d i t i o n  of a f i r s t - o r d e r  l a g  
time c o n s t a n t  of 0.1 s e c  i s  shown i n  Fig.  11. Here t h e  s o l i d  l i n e  repre-  
s e n t s  t h e  c o n t r o l l e d  element (Ye) Bode asymptote a d j u s t e d  t o  go through uC. 
The c r o s s o v e r  occurs  i n  a r e g i o n  t h a t  i s  K / s  i n  appearance,  and t h e  ampli- 
t u d e  peaking a g a i n  i s  approximately 10 dB,  and occurs  n e a r  t h e  1 4  r a d / s e c  
d a t a  p o i n t .  The peaks are q u i t e  c l o s e  t o  t h e  0 dB g a i n  l i n e ,  which i n d i -  
cates a l i k e l y  tendency t o  r o l l  r a t c h e t .  Comparison of t h e  phase p l o t s  
between Figs .  7 and 11 i n d i c a t e  t h a t  t h e  p i l o t  i s  g e n e r a t i n g  l i t t l e  i f  any 
l e a d  t o  o f f s e t  t h e  t i m e  lag.  ( D e t a i l e d  a n a l y s e s 1 5  i n d i c a t e  t h a t  t h e r e  i s  a 
p i l o t  l e a d  n e a r  8 r a d / s e c  f o r  t h e s e  cases and f o r  Yc = K / s  which t e n d s  t o  
compensate f o r  t h e  h i g h  frequency l a g s  i n  g e n e r a l ,  but  c a n c e l s  none of 
them. ) 
I n  Fig.  12 t h e  t i m e  l a g  h a s  been moved t o  0.2 secs. Comparison of t h e  
phase a n g l e  d a t a  p o i n t s  i n  F igs .  7 and 12, o r  F igs .  11 and 12,  i n d i c a t e s  
t h a t  t h e  p i l o t  has  i n t r o d u c e d  l e a d  i n  t h e  Fig.  12 case which e s s e n t i a l l y  
c a n c e l s  t h e  t i m e  l a g  a t  0.2 secs. The asymptote f o r  t h e  Y /Yc open-loop sys-  
t e m  i s  t h u s  r e p r e s e n t e d  by t h e  s o l i d  l i n e  below t h e  t i m e  g r e a k  p o i n t  and t h e  
dashed l i n e  above t h a t  break poin t .  Again t h e  ampli tude r a t i o  i s  uc /s - l ike  
i n  t h e  v i c i n i t y  of t h e  c rossover .  However, t h e r e  i s  now c o n s i d e r a b l e  
s ca t t e r  i n  t h e  d a t a  p o i n t s  i n  t h e  r e g i o n  of t h e  neuromuscular system peaking 
dynamics. I n  only one of t h e  t h r e e  runs  shown i n  Fig.  12 was t h e r e  a peak- 
i n g  tendency f o r  t h e  neuromuscular system and t h i s  appears  t o  be concen- 
t r a t e d  i n  t h e  v i c i n i t y  of 11 r a d / s e c  r a t h e r  t h a n  t h e  1 4  as noted  p r e v i o u s l y .  
I n  t h e  o t h e r  two runs,  t h e  ampl i tude  d a t a  p o i n t s  l i e  q u i t e  c l o s e l y  t o  t h e  
Y Y asymptote.  P C  
I n  Pig. 13 t h e  l a g  t i m e  c o n s t a n t  has  been moved down t o  0.4 sec. Again 
comparison of t h e  phase p l o t s  shows t h a t  t h e  p i l o t  has  now moved h i s  l e a d  
down t o  p r e c i s e l y  c a n c e l  t h e  c o n t r o l l e d  element time l a g  c o n t r i b u t i o n  s o  
t h a t  t h e  r e s u l t i n g  YpYc has  t h e  appearance of an  wc / s  throughout  t h e  f r e -  
quency r e g i o n  of i n t e r e s t .  The peaking tendency of t h e  neuromuscular sys tem 
i s  no l o n g e r  e v i d e n t  and t h e r e  should  be l i t t l e  chance of r o l l  r a t c h e t .  
However, t h e  r o l l  c o n t r o l  bandwidth h a s  now been reduced t o  approximate ly  
2.5 r a d / s e c  whereas i t  was approximately 4.5 r a d / s e c  w i t h  t h e  t i m e  c o n s t a n t  
of 0.1 sec. I f  t h e  p i l o t  were t o  a t t e m p t  t o  achieve  a 4.5 r a d / s e c  bandwidth 
i n  t h e  presence  of t h e  l a g  c h a r a c t e r i s t i c s  shown i n  Fig. 13, a PI0 would 
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F i g u r e  11. YpYc D e s c r i b i n g  F u n c t i o n  Ampl i tude  and P h a s e  P l o t  
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occur  a t  roughly t h a t  f requency ( 4  r a d / s e c ) .  Thus i n  reducing  o r  e l i m i n a t -  
i n g  t h e  r o l l  r a t c h e t  tendency,  we may have s u b s t i t u t e d  a tendency f o r  t h e  
lower f requency PIO. 
Closed-LooD P i l o t - V e h i c l e  Svstem C h a r a c t e r i s t i c s  
Observed Fixed-Base R o l l  Ratche t .  The previous  s e c t i o n s  have emphasized 
t h e  neuromuscular peaking tendency  as a h a r b i n g e r  of t h e  r o l l  r a t c h e t  
phenomenon, Yet, i n  t h e  d a t a  p r e s e n t e d ,  t h e  open-loop system phase a n g l e  
has  g e n e r a l l y  been g r e a t e r  i n  magnitude than  -180 degrees .  This  means t h a t  
t h e  g a i n  d i f f e r e n c e s  between t h e  peak and t h e  0 dB l i n e  are n o t  n e c e s s a r i l y  
t r u e  g a i n  margins. The closed-loop p i l o t - v e h i c l e  systems w i l l ,  t h e r e f o r e ,  
no t  n e c e s s a r i l y  show an o s c i l l a t i o n  a t  t h e  neuromuscular peaking frequency 
a l t h o u g h  t h e  resonant  peak w i l l  o r d i n a r i l y  be i n d i c a t e d  i n  t h e  closed-loop 
system. The p i l o t  remnant, Seing r e l a t i v e l y  broadband i n  c h a r a c t e r ,  w i l l  
t h e r e f o r e  a c t  as a d r i v i n g  mechanism t o  e x c i t e  t h e  resonant  peak. 
I n  some cases t h e  exper imenta l  d a t a  a c t u a l l y  i n d i c a t e d  a r o l l  ratchet- 
l i k e  o s c i l l a t i o n  under c o n d i t i o n s  s imilar  t o  t h o s e  where t h e  phenomenon w a s  
found i n  f l i g h t .  Most commonly t h e s e  were s t r e t c h e s  i n  t h e  t i m e  h i s t o r i e s  
which involved  n e a r l y  s t e a d y - s t a t e  r o l l i n g  v e l o c i t y  commands. An example i s  
g i v e n  i n  Fig.  14. Here a s h o r t  segment of t h e  r o l l  a t t i t u d e  command i n p u t  
i s  n e a r l y  t r i a n g u l a r ,  and t h e  p i l o t ' s  s t i c k  f o r c e  trace i n d i c a t e s  a 2-3 Hz 
o s c i l l a t i o n ,  Because t h e  f o r c i n g  f u n c t i o n  i s  a random appear ing  t i m e  
s i g n a l ,  w i t h  only  very  o c c a s i o n a l  segments a k i n  t o  t h e  t r i a n g u l a r  o r  s t e a d y  
r o l l i n g  commands shown, t h i s  type  of r a t c h e t - l i k e  p i l o t  o u t p u t  t r a c e  i s  
a t y p i c a l  i n  t h e  c o n t e x t  of a t o t a l  e x p e r i m e n t a l  run. The p i l o t  s u b j e c t s ,  i n  
f a c t ,  d i d  not  r e p o r t  t h a t  they had encountered  t h e  c o n d i t i o n  s i n c e  i t  was s o  
t r a n s i t o r y .  Y e t  i t  appeared q u i t e  commonly once t h e  c o n d i t i o n s  were f a v o r -  
a b l e  -- i. e. , neuromuscular peaking tendency p r e s e n t  and momentarily s t e a d y  
r o l l i n g  v e l o c i t y  command. Consequently t h e  f i x e d  base  s i m u l a t i o n  can be 
s a i d  t o  have s u c c e s s f u l l y  demonstrated r o l l  r a t c h e t - l i k e  phenomena. 
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It is  a l s o  u s e f u l  t o  re-examine t h e  open-loop d e s c r i b i n g  f u n c t i o n  d a t a  
when a f i r s t - o r d e r  c o r r e c t i o n  i s  made t o  t h e  d a t a  t o  account  f o r  t h e  e f f ec t  
of r a p i d  r o l l i n g  motion on t h e  p i l o t  d u r i n g  f l i g h t .  The p i l o t ' s  a n g u l a r  
motion s e n s i n g  n e u r o l o g i c a l  a p p a r a t u s  acts  very much l i k e  a ra te  gyro i n n e r  
loop  i n  t h e  frequency range n e a r  and s l i g h t l y  above crossover .  l o  T h i s  i n n e r  
loop ,  p r e s e n t  when s u p e r t h r e s h o l d  r o l l i n g  v e l o c i t i e s  are imposed on t h e  
p i l o t ,  h a s  t h e  e f f e c t  of reducing  t h e  e f f e c t i v e  t i m e  l a g s  i n  t h e  p i l o t ' s  
visual-input/manipulator output  response.  The r e d u c t i o n  can be as  much as 
0.1 second from t h e  f ixed-base d a t a .  When changes of phase l a g  of t h e  mag- 
n i t u d e  0.1 o are made on t y p i c a l  d e s c r i b i n g  f u n c t i o n  d a t a  showing major 
neuromuscular  peaking,  t h e  n e t  phase s h i f t  i n  t h e  frequency r e g i o n  about  t h e  
peak i s  v e r y  o f t e n  n e a r  -180 degrees .  F i g u r e  15 shows a t y p i c a l  example f o r  
t h e  f i x e d  f o r c e  s t i c k  c o n f i g u r a t i o n  w i t h  T = 0 ,  T = 0.067, and Kc = 10 deg/  
s e c / l b .  Theref o r e  one can conclude t h a t  t h e  f ixed-base neuromuscular peak- 
i n g  examples which show n e g a t i v e  g a i n  margins of t h e  ampl i tude  r a t i o  peak 
r e l a t i v e  t o  0 dB are q u i t e  l i k e l y  t o  r e s u l t  i n  o s c i l l a t i o n s  i n  t h e  f l i g h t  
s i t u a t i o n .  The r o l l  r a t c h e t  phenomenon i n  t h e s e  c a s e s  would t h e r e f o r e  be 
high-frequency P I O ' s  which i n t i m a t e l y  i n v o l v e  t h e  p i l o t ' s  l imb-manipulator 
neuromuscular  system dynami cs . 
ComDarisons w i t h  F l i g h t  Data 
The c o n t r o l l e d  elements  i n  Figs .  11-15 e s s e n t i a l l y  d u p l i c a t e  t h e  F-16 
c o n f i g u r a t i o n s  t e s t e d l l  and t h e  q u a l i t a t i v e  r e s u l t s  and t r e n d s  are t h e  same. 
The compromise s e l e c t i o n  f o r  t h e  p r e f i l t e r  i n  t h e  F-16 w a s  a t i m e  c o n s t a n t  
of 0.2 r a d / s e c  which i s  shown i n  Fig.  1 2  t o  a l l o w  a comfor tab le  bandwidth 
s l i g h t l y  above 3 r a d / s e c  and having 30 t o  35 deg of phase margin and a much 
reduced neuromuscular peaking tendency. Thus t h e r e  should  be minimum 
tendency f o r  e i t h e r  low o r  h i g h  frequency PI0  a l though t h e  d a t a  s c a t t e r  i n  
t h e  h i g h e r  f requency range of Fig.  12  show t h a t  c o n d i t i o n s  f a v o r a b l e  t o  r o l l  
r a t c h e t  could pop up from t i m e  t o  t i m e .  
Y e t  a n o t h e r  comparison between s i m u l a t i o n  r e s u l t s  and f l i g h t  d a t a  can be 
drawn from t h e  i n v e s t i g a t i o n  of r o l l  r a t c h e t  and v a r i o u s  p r e f i l t e r  conf igur -  
a t i o n s  flown i n  t h e  NT-33.3 In t h i s  case one set  of e f f e c t i v e  c o n t r o l l e d  
e lements  are a c l o s e  match t o  t h i s  s i m u l a t i o n .  A major d i f f e r e n c e ,  however, 
w a s  t h e  use  of a c e n t e r - s t i c k  i n  t h e  NT-33. The r o l l  r a t c h e t  encountered  i n  
t h i s  f l i g h t  t e s t  w a s  d e s c r i b e d  as " response  which w a s  o b j e c t i o n a b l y  a b r u p t ,  
r e s u l t i n g  i n  a very  h i g h  f requency ,  p i l o t - i n d u c e d - o s c i l l a t i o n  (wing r o c k i n g )  
o r  having  ' s q u a r e  c o r n e r s '  o r  be ing  very  ' j e r k y .  ' "  The f requency  was 
approximate ly  16 rad /sec .  
F i g u r e  16 i s  a r e p l o t  of d a t a  from Ref. 6 wi th  cominand/force g r a d i e n t  
p l o t t e d  v e r s u s  t h e  r o l l  t i m e  c o n s t a n t ,  TR. The circles i d e n t i f y  conf igura-  
t i o n s  flown; t h e  open symbols r e f l e c t  no r a t c h e t  o b t a i n e d ,  t h e  shaded sym- 
b o l s  r e f l e c t  r o l l  r a t c h e t  observed by one o r  more of t h e  e v a l u a t i o n  p i l o t s  
o v e r  t h e  range of t i m e  de lays  i n v e s t i g a t e d .  ( I t  should be noted  i n  p a s s i n g  
t h a t  i n  a lmost  every case, t h e  r a t c h e t  on ly  occurred  w i t h  non-zero T as was 
t h e  case i n  t h e  l a b  s i m u l a t i o n . )  The t r i a n g u l a r  symbol a t  TR = 0.2,  Kc = 
12.5 i s  a n o t h e r  NT-33 d a t a  p o i n t  o b t a i n e d  from a f l i g h t  program i n  which t h e  
r o l l  t i m e  c o n s t a n t  was s e l e c t e d  a t  0.2 sec f o r  up-and-away t a s k s  and 0.5 sec 
f o r  l a n d i n g  t a s k s .  l 2  I n  a d d i t i o n ,  two 20 r a d / s e c  f i r s t - o r d e r  f i l t e r s  were 







Figure 15. Expected Phase S h i f t  Due t o  Motion E f f e c t s  
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i n c l u d e d  i n  t h e  r o l l  r a t e  command p r e f i l t e r  t d  -"eTiminate  h igh  frequency 
noise ."  Even s o ,  t h i s  one c a s e  of r a t c h e t  tendency was observed. 
The s q u a r e  symbols i n  Fig.  16 a r e  c o n f i g u r a t i o n s  i n v e s t i g a t e d  i n  t h e  
f ixed-base  s i m u l a t i o n .  The open symbols i d e n t i f y  c o n f i g u r a t i o n s  f o r  which 
t h e  Y p Y c  z e r o  dB l i n e  d i d  n o t  pass  through t h e  neuromuscular peak (no 
r a t c h e t  p o s s i b i l i t y ) .  The shaded s q u a r e s  i d e n t i f y  c o n f i g u r a t i o n s  f o r  which 
t h e  z e r o  dB l i n e  passed through t h e  peak ( r a t c h e t  p o s s i b i l i t y ) .  The l e t t e r s  
F ,  S ,  L r e f l e c t  t h e  displacement  of t h e  s i m u l a t o r  s i d e - s t i c k .  It i s  l i k e l y  
t h a t  t h e  L s i d e - s t i c k  most c l o s e l y  matched t h e  NT-33 c e n t e r - s t i c k  c h a r a c t e r -  
i s  t ics . 
There i s  very good c o r r e l a t i o n  between t h e  f l i g h t  and l a b  s i m u l a t i o n  
r a t c h e t  t e n d e n c i e s  shown i n  Fig.  16,  The dashed l i n e  appears  t o  s e p a r a t e  
t h e  non-ratchet  from t h e  r a t c h e t  c o n f i g u r a t i o n s  except  f o r  t h e  two o r  t h r e e  
lowest  command/€orce g r a d i e n t  c o n f i g u r a t i o n s  a t  TK = 0.2 sec. It i s  pos- 
s i b l e  t h a t  t h i s  d i f f e r e n c e  may be r e l a t e d  t o  wrist ( s i m u l a t i o n  s i d e - s t i c k )  
v e r s u s  arm ( f l i g h t  c e n t e r - s t i c k )  neuromuscular subsystem c o n t r i b u t i o n s  a t  
t h e  lower command ( h i g h e r  f o r c e )  c o n f i g u r a t i o n s .  The good agreement between 
f l i g h t  and s i m u l a t o r  r e s u l t s  i s  i n t e r p r e t e d  a s  an encouraging v a l i d a t i o n  of 
t h e  s i m u l a t o r  d e f i n i t i o n  of r a t c h e t  p o t e n t i a l  -.- i .e ,  , neuromuscular peaking 
c u t  by t h e  YpYc z e r o  dB l i n e .  
Pi lot-ManiDulator  Svstem Asvmmetries 
It w a s  noted i n  t h e  d i s c u s s i o n  of t h e  i n f l u e n c e  of t h e  command/force 
g r a d i e n t  on c r o s s o v e r  i n  Fig.  6 ,  t h a t  t h e  c o n t r o l  bandwidth wc d e c r e a s e d  
markedly as t h e  command/force g r a d i e n t  decreased  below 4 d e g / s e c / l b .  The 
r e a s o n  f o r  t h i s  can be observed i n  t h e  t i m e  t races of Fig.  17. The t r a c e  on 
t h e  l e f t  is t h e  random r o l l i n g  motion of t h e  t a r g e t .  The t r a c e  i n  t h e  
middle i s  t h e  rol l .  e r r o r  between t h e  t a r g e t  and t h e  c o n t r o l l e d  element ,  t h e  
trace on t h e  r i g h t  i s  t h e  s t i c k  f o r c e  i n p u t  t o  t h e  c o n t r o l l e d  element.  It 
w i l l  be noted on t h e  f o r c e  t r a c e  t h a t  i n  r o l l  t o  t h e  r i g h t  t h e  s t i c k  f o r c e  
r a r e l y  exceeds 5.5 l b s ,  but  i n  r o l l s  t o  t h e  l e f t  t h e  f o r c e  f r e q u e n t l y  is as 
h i g h  as 8 l b s  and shows a maximum peak a t  11 l b s .  T h i s  i s  c o n s i s t e n t  w i t h  
t h e  commentary3 5 l 1  where t h e  p i l o t s  i n d i c a t e  d i f f i c u l t y  i n  g e n e r a t i n g  r o l l s  
t o  t h e  r i g h t  u s i n g  t h e  thumb, but  have l i t t l e  d i f f i c u l t y  i n  r o l l s  t o  t h e  
l e f t  where they can use t h e  e n t i r e  palm of t h e i r  hand t o  g e n e r a t e  t h e  f o r c e .  
Thus we see bi-modal c o n t r o l  i n  t h e  traces of Fig.  1 7  w i t h  l a r g e r  magnitude, 
s h o r t e r  d u r a t i o n  f o r c e s  i n  r o l l s  t o  t h e  l e f t  and lower magnitude, l o n g e r  
d u r a t i o n  f o r c e s  be ing  used i n  r o l l s  t o  t h e  r i g h t .  N o t i c e  t h a t  t h e  r o l l  
e r r o r  average  is approximately z e r o  i n  t h e  middle t r a c e .  Thus t h e  a r e a  
under  t h e  f o r c e  traces f o r  l e f t  vs. r i g h t  maneuvers must be approximately 
t h e  same, For r i g h t  r o l l s ,  lower f o r c e s  are h e l d  f o r  longer  p e r i o d s  of 
time. T h i s  r e s u l t s  i n  a lower c r o s s o v e r  o r  bandwidth f o r  r i g h t  r o l l s  as 
compared t o  leEt r o l l s  and hence a lower average bandwidth f o r  t h e  run. 
T h i s  bi-modal c o n t r o l  c h a r a c t e r i s t i c  w a s  most e v i d e n t  f o r  t h e  3 d e g / s e c  and 
4 d e g / s e c / l b  c o n t r o l l e d  element o r  command f o r c e  g r a d i e n t s ,  but  was a l s o  
e v i d e n t  up as high as t h e  7.5 d e g / s e c / l b ,  Thus t h e  reduced bandwidth shown 
i n  t h e  F ig .  6 p l o t s  f o r  t h e  low g a i n  systems. For h i g h e r  command/force g r a -  
d i e n t s ,  t h e  f o r c e s  employed i n  t h e  t r a c k i n g  t a s k  were s u f f i c e n t l y  low t h a t  








F i g u r e  1 7 .  T i m e  Traces of F ixed  Force  S t i c k  Track ing  Task  
Run 115, K, = 3 ,  T = 0.067, T = 0.1 
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CONCLUSIONS 
T h i s  f ixed-base exper imenta l  i n v e s t i g a t i o n  has  i d e n t i f i e d  and q u a n t i f i e d  
i n t e r a c t i o n s  between t h e  p i l o t ' s  neuromuscular subsystem and such a s p e c t s  of 
t y p i c a l  modern, h igh  response ,  r o l l  r a t e  command c o n t r o l  system mechaniza- 
t i o n s  as: 
s i d e - s t i c k  t y p e  manipula tor  f o r c e / d i s p l a c e m e n t  conf ig-  
u r a t  i on 
command augmentat ion forward loop g a i n  
8 c o n t r o l l e d  element e f f e c t i v e  l a g  time c o n s t a n t  
f l i g h t  c o n t r o l  system e f f e c t i v e  time de lay  
The s i m u l a t i o n  r e s u l t s  provide  i n s i g h t  t o  h i g h  frequency r o l l  r a t c h e t  
o s c i l l a t i o n s ,  l o w  f requency PIO, and r o l l - t o - r i g h t  c o n t r o l  and h a n d l i n g  
problems p r e v i o u s l y  r e p o r t e d  i n  t h e  product ion  F-16, NT-33 s i d e - s t i c k ,  and 
NT-33 r o l l  r a t e  command augmentat ion i n v e s t i g a t i o n s .  The exper imenta l  con- 
f i g u r a t i o n s  encompass and/or  d u p l i c a t e  a number of a c t u a l  f l i g h t  s i t u a t i o n s  
and have reproduced c o n t r o l  problems observed in f l i g h t .  
S p e c i f i c  conclus ions  r e l a t i n g  t o  human p i l o t  dynamic c h a r a c t e r i s t i c s  and 
p o s s i b l e  connec t ion  t o  r o l l  r a t c h e t  a r e  summarized i n  t h e  fol lowing.  
Human P i l o t  Dynamic C h a r a c t e r i s t i c s  
1. Crossover  Model Refinements 
0 The p r o p e r t y  wc(Yc) = c o n s t a n t  ex tends  over  an  
o r d e r  of magnitude v a r i a t i o n  i n  Kc changes i n  
f o r c e  g r a d i e n t .  wc begins  t o  f a l l  o f f  as very  
small Kc demand g r e a t  p i l o t  e f f o r t  ( l a r g e  KP) t o  
keep wc c o n s t a n t .  
8) C o n t r o l l e r  element l a g s  f o r  Y, = K ~ / ( T S  + 1) are: 
-- almost  e x a c t l y  c a n c e l l e d  by p i l o t  l e a d  when T 
> 0.2 second ( l a g  b r e a k p o i n t  of 5 r a d / s e c ) ;  
-- p a r t l y  o f f s e t  by p i l o t  l e a d  of approximately 
1/8 second when T C 0.2 second. 
Thus t h e  ad jus tment  r u l e  i n d i c a t i n g  t h a t  p i l o t  
l e a d  w i l l  o f f s e t  c o n t r o l l e d  element l a g s  by n e a r l y  
e x a c t  c a n c e l l a t i o n  now has a lower l i m i t  a t  about  
1/8 second. 
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2. Human P i l o t  Limb-Manipulator Dynamics 
9 The c l a s s i c a l  t h i r d - o r d e r  system approximation f o r  
t h e  l imb-manipulator p o r t i o n  of t h e  human neuro- 
muscular  system i s  both adequate  and a n  e s s e n t i a l  
minimum form needed t o  c o n s i d e r  p i l o t - a i r c r a f  t 
system dynamic i n t e r a c t i o n s  i n  t h e  frequency range 
from 8-20+ rad /sec .  
0 The peaking tendency (damping r a t i o ,  <N) of t h e  
q u a d r a t i c  coinponent of t h e  t h i r d - o r d e r  approxima- 
t i o n  i s  a very s t r o n g  f u n c t i o n  of t h e  c o n t r o l l e d  
element dynamics -- i n  e s s e n c e  t h i s  f e a t u r e  can be 
" tuned" by a d j u s t i n g  c o n t r o l l e d  element proper- 
t i e s .  
For  a l l  s t i c k  f o r c e / d i s p l a c e m e n t  c h a r a c t e r i s t i c s  
i n v e s t i g a t e d  t h e  h i g h e s t  <N ( s m a l l e s t  peaking 
tendency)  occured f o r  Y c  = K c / s  c o n t r o l l e d  ele- 
ments. 
0 Pure t i m e  d e l a y  induces  a g r e a t e r  peaking tendency 
t h a n  an  e q u i v a l e n t  t i m e  l a g .  
8 D i s t i n c t  peaking t e n d e n c i e s  occured f o r  f i x e d  and 
small s t i c k  d e f l e c t i o n s  f o r  T = 0.07 and 
0.1 second. 
0 The c o n t r o l l e d  element form which e x h i b i t e d  t h e  
maximum peaking tendency (AAR = 7 dB) w a s  Yc = 
Kce-rS/s, f o r  r = 0.07 sec. Higher  and lower 
v a l u e s  of r r e s u l t e d  i n  less peaking. 
For l a r g e  s t i c k  d e f l e c t i o n s  t h e  peaking tendency 
i s  minimized o r  non-exis ten t ,  
R o l l  Ratche t  Connect ions 
The d a t a  s t r o n g l y  suppor t  t h e  s u g g e s t i o n  t h a t  t h e  r o l l  
r a t c h e t  phenomenon i s  a c losed-loop p i l o t - v e h i c l e  
system i n t e r a c t i o n  i n  which t h e  p i l o t ' s  neuromuscular 
dynamics p l a y  a c e n t r a l  r o l e .  
0 Ratche t  t e n d e n c i e s  can be d e t e c t e d  i n  f ixed-base simu- 
l a t i o n s  by c a r e f u l  t a i l o r i n g  of t h e  f o r c i n g  f u n c t i o n  
and examinat ion of p a r t i c u l a r  s t r e t c h e s  of da ta .  
Unl ike  t h e  case i n  f l i g h t ,  t h e  p i l o t  may n o t  be aware 
of t h e  o c c a s i o n a l  r a t c h e t .  
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The r a t c h e t  p o t e n t i a l  of a g iven  c o n f i g u r a t i o n  i s  
a s s o c i a t e d  w i t h  t h e  degree  of neuromuscular system 
peaking. T h i s  peaking tendency can be "tuned" o r  
"detuned" by c o n t r o l l e d  ad jus tments  i n  t h e  e f f e c t i v e  
v e h i c l e  dynamics. 
T h i s  i s  r e a d i l y  a s s e s s e d  i n  a f ixed-base  s i m u l a t i o n  by 
d e s c r i b i n g  f u n c t i o n  measurements i n  t r a c k i n g  t a s k s  
conducted w i t h  an a p p r o p r i a t e  f o r c i n g  func t ion .  Such 
procedures  are recommended as p r e - f l i g h t  development 
tests w i t h  modern fly-by-wire command augmentat ion 
systems. 
Ratche t  tendencies  are most s e v e r e  on f o r c e  s e n s i n g  
s i d e s t i c k  manipula tors  w i t h  small s t i c k  d e f l e c t i o n s .  
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